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INTRODUCTION 


In  the  vulnerability  assessment  of  liquid  propellants,  the  Ballistic  Research 
Laboratory  encountered  a  problem  in  monitoring  the  hydraulic  pressures  produced 
within  the  liquid  propellant  when  impacted  by  a  shaped  charge.  Kistler  gauges  were 
initally  used  to  measure  the  pressures  generated.  Unfortunately,  the  pressures  ex¬ 
perienced  in  a  one-gallon  container  of  liquid  propellant  under  shock  loading  exceeded 
the  limitation  of  the  Kistler  gauges.  These  pressures  were  in  excess  of  100,000  psi. 
Normally,  liquid  propellant  will  be  stored  in  larger  quantities.  It  is  critical  to  know  the 
pressure  generated  in  these  larger  stored  quantities  of  liquid  propellant  in  order  that 
safety  design  criteria  for  storage  containers  can  be  obtained.  Another  concern  is  the 
safety  of  the  crew  members  of  an  army  vehicle  from  the  high  hydraulic  pressures 
produced. 

The  Army  Research,  Development  and  Engineering  Center  initiated  a  program  to 
ascertain  the  feasibility  of  using  pressure  and  temperature- sensitive  inorganic 
phosphors  to  remotely  monitor  these  parameters. 


BACKGROUND 

A  class  of  inorganic  phosphors  that  include  rare  earth  doped  lanthanum  oxy-sulfide 
(La202S)  and  yttrum  oxy-sulfide  (Y 202S)  have  demonstrated  spectral  emission  charac¬ 
teristics  that  are  strongly  pressure-dependent  (ref  1).  These  emission  spectra  are 
extremely  complicated.  More  than  200  emission  lines  can  be  obtained.  To  be  able  to 
understand  these  emissions,  a  few  representative  lines  are  selected  for  study.  To 
insure  that  the  pressure  affected  the  crystal  states  equally,  the  emission  lines  originat¬ 
ing  in  the  upper  5Dj  levels  were  monitored.  The  results  from  these  studies 

demonstrated  that  all  the  emission  lines  originating  from  the  same  5Dj  term  displayed 

the  same  pressure  dependence.  The  emission  lines  selected  from  other  5D.  level 

emissions  assured  that  the  pressure  dependency  for  a  given  emission  line  repre- 
sentated  the  effects  at  only  one  level.  As  the  magnitude  of  the  pressure  was  increased, 
the  phosphorescence  intensity  increased.  This  indicated  longer  average  decay  times. 
In  another  application,  the  use  of  fluorescence  decay  of  Neodynium  ion  as  an  informa¬ 
tion  carrier  in  a  multimode  fiber  optic  pressure  sensor  has  been  demonstrated  (ref  2). 

High  quantum  efficiency  of  the  fluorescence,  good  mechanical  and  thermal 
properties,  and  weak  temperature  dependency  of  the  quantum  efficiency  and  decay 
rates  are  requirements  for  a  good  information  carrier  material.  The  rare  earth  ions 
incorporated  into  the  various  crystalline  inorganic  phosphors  make  these  materials 
suitable  as  information  carrier  materials.  Webster  and  unckamer  (ref  1)  found  iiiat 
samples  of  doped  phosphors  with  high  concentrations  of  rare  earth  europium  showed 


emission  characteristics  that  were  quantitatively  different  from  samples  of  lower  con¬ 
centrations  when  the  pressure  changed.  Smaller  changes  in  the  emission  characteris¬ 
tics  were  encountered  with  the  higher  concentration  of  doped  europium  phosphor 
samples.  The  total  intensity  of  the  spectral  emission  from  these  higher  doped  materials 
is  also  greater. 

Relative  intensity  changes  are  determined  rather  than  absolute  number  of  photons 
recorded.  The  small  shifts  in  peaks  in  the  emission  with  pressure  changes  eliminated 
the  need  to  correct  the  data  for  the  response  of  the  spectrometer  to  different 
wavelengths  of  light.  It  was  also  found  from  the  spectral  emissions  of  doped  phosphors 
that  they  are  temperature  dependent  as  well  (refs  3  and  4).  For  example,  studies 
shown  in  figure  1  (ref  1)  illustrate  an  increase  in  intensity  with  lower  temperature.  This 
may  be  explained  as  less  energy  is  being  delivered  to  the  lower  5D2  levels  as  5D3  level 

emission  increases.  Quenching  through  the  charge  transfer  state  makes  less  energy 
available  to  the  lower  levels.  The  data  provide  reproducibly  measurable  intensities  with 
increasing  temperatures  and  pressures.  Based  upon  this  information,  the  use  of  doped 
inorganic  phosphors  appeared  promising  as  a  remote  sensor  to  monitor  high  pressures 
and  temperatures. 

EXPERIMENTAL  TEST  DESIGN 

The  experimental  test  setup  is  shown  in  figure  2;  high-pressure  optical  cell  in  figure 
3  (ref  5  and  6).  The  phosphor  sample  is  surrounded  by  sodium  chloride  and 
sandwiched  between  two  steel  disks  or  hardened  tool  steel  which  move  when  an 
external  force  is  applied  to  the  pistons.  The  stepped  NaCI  windows  are  pressed  into 
the  steel  insert  which  is  shrunk-fit  into  the  steel  body  of  the  cell.  The  salt  in  the  optical 
ports  is  supported  by  sapphire  cylinders.  This  cell  design  can  be  used  repeatedly  to 
about  30  kbar  without  replacing  steel  disks  and  insert  which  tend  to  distort  about  30 
kbar. 

An  external  force  is  applied  to  the  sample  in  the  cell  in  a  press  with  a  10-ton 
hydraulic  ram  activated  by  a  hand  pump.  The  sample  pressure  is  within  10%  of  that 
calculated  from  the  mechanical  advantage  (203:1  ram  to  disk  area)  of  the  apparatus. 
The  pressure  scale,  applicable  to  the  recorded  gauge  reading  for  a  particular  disk  set,  is 
verified  with  the  optical  observation  of  the  KC1  phase  transition  at  19.8  kbar.  It  is 
observed  as  a  loss  of  transmittance  when  the  salt  undergoes  the  phase  transformation 
(ref  5  and  6).  Temperatures  above  ambient  are  achieved  with  four  resistive  heating 
elements  placed  in  the  steel  body  of  the  cell  body  and  measured  with  a  thermocouple. 

A  schematic  of  the  apparatus  used  in  this  study  is  shown  in  figure  2.  The  phosphor 
sample  is  excited  with  1  mW  (1.1  mm  diameter)  of  325  nm  radiation  from  a  He-Cd  laser. 


The  emission  is  viewed  at  right  angles  from  the  excitation  axis  through  a  0.25-m 
monochrometer  using  a  fl.2  50  mm  camera  lens.  The  signal  is  detected  by  a  photomul¬ 
tiplier,  amplified  by  an  electrometer,  and  recorded  on  an  X-Y  recorder. 

The  material  used  was  La202S:Eu  with  1  mole  percent  europium  doped  in  place  of 

the  lanthanum.  The  phosphor  powder  is  mixed  1:10  with  crushed  NaCI  crystals  and 
pressed  into  a  thin  wafer  in  a  pellet  press.  A  rectangular  section  of  this  wafer  is  inserted 
into  a  slot  previously  cut  into  the  NaCI  cylinder  fused  into  the  center  of  the  high- 
pressure  optical  cell.  This  slot  is  milled  at  45  degrees  relative  to  the  excitation/emission 
axis  in  order  to  detect  front-surface  luminescence.  The  sample  pellet  is  carefully  fuzed 
to  the  correct  thickness  and  transparency.  The  sample  and  cell  are  now  ready  to  be 
inserted  in  the  high  pressure  station  shown  in  figure  2. 

DISCUSSION  AND  RESULTS 

The  emission  spectrum  of  La202S:Eu  recorded  with  the  appartus  is  shown  in  figure 
4  at  ambient  temperature.  In  the  450  to  659  nm  spectral  region,  the  emission  lines  from 
the  5D2,  5Dq  excited  states  to  the  7Fj  lower  states  are  found.  In  the  temperature  range 

from  ambient  to  about  50°  C,  the  Eu3+5D2  lines  in  the  shorter  wavelength  region  are 

strongly  temperature-sensitive,  while  tne  ';D1  lines  (toward  the  longer  wavelengths) 
show  a  smaller  sensitivity  to  temperature  changes.  For  purposes  of  our  detection  limit 
and  relative  intensity  scales,  the  514-nm  line  (5D2-7F3)  and  the  555-nm  line  (5D1-7F2) 

were  monitored.  How  these  two  lines  are  influenced  by  pressure  at  35°  C  are  shown  in 
figure  5.  The  514-nm  line  grows  ten-fold  at  high  pressures,  while  the  555-nm  line  is 
diminished  by  approximately  50%.  This  pressure  response  is  interpreted  as  an  inhibi¬ 
tion  of  the  5D2-charge  transfer  (CT)  state  transition  probability  and  the  consequent 

reduction  in  the  5D1  population  derived  from  the  CT  state.  The  555-nm  line  is  chosen  to 
normalize  the  intensity,  and  the  intensity  ratios  l514/l555  are  reported  as  a  function  of 

pressure  at  three  temperatures.  The  ratio  for  three  pressure  runs  at  35°C  is  shown  in 
figure  6.  The  reproducibility  for  these  types  of  measurements  is  excellent.  It  is  also 
noted  that  pressure  affects  the  intensity  ratio  only  slightly  below  10  kbar,  but  the  in¬ 
crease  in  I  /l55R  accelerates  steeply  at  the  higher  pressures.  This  behavior  is  consis¬ 
tent  with  the  single-configurational  model  (refs  7  and  8).  Here,  the  quenching  process 
is  activated,  and  the  pressure-induced  changes  are  consistant  with  an  increase  in 
energetic  separation  of  the  ground  and  charge  transfer  state.  Specifically,  if  the  change 
in  activation  energy  with  pressure  is  linear,  then  a  linear  dependence  of  1  nl514/l555 


versus  P  is  anticipated  from  the  model  (ref  1 ).  Such  a  plot  closely  approximates  the 
linearity  over  this  pressure  and  temperature  interval  (fig.  1).  Note  that  the  temperature 
offset  of  27°C  corresponds  to  about  9.5  kbar  in  pressure. 


CONCLUSION  AND  RECOMMENDATIONS 

The  La202S:Eu  phosphor  is  an  excellent  indicator  of  pressure  in  the  20  to  50°C 
temperature  range.  TGhe  l514/l555  value  obserrved  in  an  unknown  environemnt  can  be 

related  to  thepressure  if  the  temperature  is  independently  known.  Additional  experi¬ 
ments  are  obviously  needed  to  separate  the  two  environmental  effects.  According  to 
our  present  knowledge  of  these  systems,  nonradiative  transitions  to  neighboring  charge 
transfer  bands  would  be  influenced  by  both  ?  and  T  It  is  required  that  simultaneous 
measurements  of  at  least  two  phosphors  with  known  and  distinct  P-T  offsets  be  made. 
A  systematic  photophysical  study  of  other  luminescent  materials  in  which  the  P  and  T 
quenching  mechanisms  are  uncoupled  is  needed  to  determine  if  the  material  is  either 
insensitive  to  pressure  or  temperature.  For  example,  f-f  transitions  far  removed  from 
charge  transfer  bands  may  be  shielded  fiom  pressure  perturbations.  However, 
temperature  changes  are  reflected  in  their  emission  from  the  redistribution  of  sublevel 
populations.  Similarly,  a  search  for  a  luminescent  material  whose  quantum  efficiency  is 
T-independent  by  P-dependent  would  be  of  great  value  for  pressure  and  temperature 
monitoring  applications.  These  studies  can  be  refined  by  changing  the  excitation 
wavelengths  of  luminescent  materials  and  investigating  the  influence  of  thermal  traps 
and  mechanical  defects  in  the  solid  materials.  Clearly,  the  continued  investigation  of 
the  photophyhsical  behavior  of  phosphors  in  extreme  environments  is  of  fundamental 
significance  and  practical  importance  in  P-T  measurements. 
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A  -  outer  tool  cteel  jacket 

B  -  brass  piston  guide 

C,l  -  piston  sleeve 
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F  -  window  vacuum  tubes 

G  -  three-stepped  window 
parts  filled  with  NaCI  in  tool 
insert 

H  -  tungsten  cartridge 
piston 

J  -  sample  pellet  located 
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Figure  3.  Cross-section  of  high  pressure  optical  cell 
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Commander 

U.S.  Army  Harry  Diamond  Laboratories 
ATTN:  DELHD-TA-L 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 


Commander 

U.S.  Army  Missile  Command 
Research,  Development  and  Engineering  Center 
ATTN:  AMSMI-RD 
Redstone  Arsenal,  AL  35898 


Commander 

U.S.  Army  Missile  and  Space  Intelligence  Center 

ATTN:  AIAMS-YDL 

Redstone  Arsenal,  AL  35898-5500 


Commander 

U.S.  Army  Belvoir  Research  and  Development  Center 
ATTN:  STRBE-WC 

Techical  Library  (Vault),  B-315 
Fort  Belvoir,  VA  22060-5606 


Commander 

U.S.  Army  Tank  Automotive  Command 
ATTN:  AMSTA-TSL 
Warren,  Ml  48397-5000 


Commander 

U.S.  Army  Research  Office 
ATTN:  Technical  Library 
P.O.  Box  12211 
Research  Triangle  Park,  NC 


27709-2211 


Director 

U.S.  Army  TRADOC  Systems  Analysis  Activity 
ATTN:  ATAA-SL 

White  Sands  Missile  Range,  NM  88002 


Commander 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD-CSO-OR 
Fort  Banning,  GA  31905 


Commandant 

U.S.  Army  Field  Artillery  School 
ATTN:  ATSE-CMW 

ATSF-TSM-CN 
Ft.  Sill,  OK  73503-5600 

Commandant 
U.S.  Army  Armor  Center 
ATTN:  ATSB-CD-MLD 
Ft.  Knox,  KY  40121 

Commander 

U  S.  Army  Development  and  Employment  Agency 
ATTN:  MODE-TED-SAB 
Fort  Lewis,  WA  98433 

Commander 

Naval  Surface  Weapons  Center 
ATTN:  D.A.  Wilson,  Code  G31 
Code  G33,  J.  East 
Dahlgreen,  VA  22448-5000 

Commander 

U.S.  Naval  Surface  Weapons  Center 
ATTN:  O.  Dengel 
K.  Thorsted 

Silver  Spring,  MD  20902-5000 

Commander 

Naval  Weapons  Center 

China  Lake,  CA  93555-6001 

Commander 

Naval  Ordnance  Station 

ATTN:  C.  Dale 

Code  5251 

Indian  Head,  MD  20640 

Superintendent 
Naval  Postgraduate  School 
Department  of  Mechanical  Engineering 
ATTN:  Code  1 424,  Library 
Monterey,  CA  93943 
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AFWL7SUL 

Kirtland  AFB,  NM  87117 

Air  Force  Armament  Laboratory 
ATTN:  AFATL7DLODL 
Eglin  AFB,  FL  32542-5000 

AFOSR/NA 

ATTN:  L.  Caveny,  B-410 
Bolling  AFB,  FL  32542-5000 

U.S.  Bureau  of  Mines 
ATTN:  R.A.  Watson 
4800  Forbes  Street 
Pittsburgh,  PA  15213 

Director 

Jet  Propulsion  Laboratory 
ATTN:  Technical  Library 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

Director 

National  Aeronautics  and  Space  Administration 
ATTN:  MS-603,  Technical  Library 
MS-86,  Dr.  Povinelli 
21000  Brookpark  Road 
Lewis  Research  Center 
Cleveland,  OH  44135 

Director 

National  Aeronautics  and  Space  Administration 
Manned  Spacecraft  Center 
Houston,  TX  77058 

Central  Intelligence  Agency 
Office  of  Centeral  Reference 
Dissemination  Branch 
Room  GE-47  HQS  (10) 

Washington,  DC  20502 
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Central  Intelligence  Agency 
ATTN:  Joseph  E.  Backofen 
HQ  Room  5F22 
Washington,  DC  20505 

Bell  Aerospace  Textron 
ATTN:  F.  Boorady 
A.J.  Friona 
J.  Rockenfeller 
P.O.  Box  1 
Buffalo,  NY  14240 

Calspan  Corporation 
ATTN:  Technical  Library 
P.O.  Box  400 
Buffalo,  NY  14225 

General  Electric  Ordnance  System  Depot 
ATTN:  J.  Mandzy,  OP43-220 
R.E.  Mayer 

H.  West 
M.  Bulman 
R.  Pate 

I.  Magoon 

J.  Scudiere 
100  Plastics  Avenue 
Pittsfield,  MA  01201-3698 

General  Electric  Company 
Armament  Systems  Department 
ATTN:  D.  Maher 
Burlington,  V  I  05401 

IITRI 

ATTN:  Library 
10  West  35th  Street 
Chicago,  IL  60616 

Olin  Chemicals  Research 
ATTN:  D.  Gavin 
P.O.  Box  586 
Chesire,  CT  06410-0586 
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Olin  Corporation 
ATTN:  V.A.  Corso 

Dr.  R.  L.  Dotson 
P.O.  Box  30-9644 
New  Haven,  CT  06536 

Morton  Thiokol,  Inc. 

Elkton  Division 
ATTN:  R.  Biddle 
P.O.  Box  214 
Elkton,  MD  21921-0241 

Paul  Gough  Associates 
ATTN:  P.  Gough 
P.O.  Box  1614 
Portsmouth,  NH  03801 

Safety  Consulting  Engineering 
ATTN:  C.J.  Dahn 
5240  Pearl  Street 
Rosemont,  IL  60018 

Science  Applications,  Inc. 

ATTN.  R.  Edelman 
23146  Cumorah  Crest 
Woodland  Hills,  CA  91364 

Sunstrand  Aviation  Operations 
ATTN:  Dr.  O.  Briles 
P.O.  Box  7002 
Rockford,  IL  61125 

Veritay  Technology,  Inc. 

ATTN:  E.B.  Fisher 
4845  Miliersport  Highway 
P.O.  Box  305 

East  Amherst,  NY  14051-0305 
Director 

Applied  Physics  Laboratory 
The  Johns  Hopkins  University 
Johns  Hopkins  Road 
Laurel,  MD  20707 
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Director 

Chemical  Propulsion  Information  Agency 
The  Johns  Hopkins  University 
ATTN:  T.  Christian 

Technical  Library 
Johns  Hopkins  Road 
Laurel,  MD  20707 

University  of  Delaware 
Department  of  Chemistry 
ATTN:  Mr.  J.  Cronin 

Professor  T.  Brill 
Newark,  DE  19711 

University  of  Illinois  at  Chicago 
ATTN:  Professor  S.  Murad 
Department  of  Chemical  Engineering 
Box  4348 

Chicago,  IL  60680 

University  of  Maryland  at  College  Park 
ATTN:  Professor  F.  Kasler 
Department  of  Chemistry 
College  Park.  MD  20742 

University  of  Missouri  at  Columbia 
ATTN:  Professor  R.  Thompson 
Department  of  Chemistry 
Columbia,  MO  65211 

University  of  Michigan 
ATTN:  Professor G.M.  Faeth 
Department  of  Aerospace  Engineering 
Ann  Arbor,  Ml  48109-3796  ~ 

University  of  Missouri  at  Kansas  City 
Department  of  Physics 
ATTN:  Professor  R.D.  Murphy 
1110  East  48th  Street 
Kansas  City,  MO  641 1 0-2499 


Pennsylvania  State  University 
Department  of  Mechnical  Engineering 
ATTN:  K.  Kujo 
University  Park,  PA  16802 

Princeton  Combustion  Research  Laboratories,  Inc. 

ATTN:  N.A.  Messina 
M.  Summerfield 
475  U.S.  Highway  One  North 
Monmouth  Junction,  NJ  08852 

University  of  Arkansas 
Department  of  Chemical  Engineering 
ATTN.  J.  Havens 
227  Engineering  Building 
Fayetteville,  AR  72701 

Director 

U.S.  Army  Materiel  Systems  Analysis  Activity 
ATTN:  AMXSY-D 

AMXSY-MP,  H.  Cohen 
Aberdeen  Proving  Ground,  MD  21010-5066 

Commander 

U.S.  Army  Test  and  Evaluation  Command 

ATTN:  AMSTE-TO-F 

Aberdeen  Proving  Ground,  MD  21005-5066 

Commander 

Chemical  Research,  Development  and  Engineering  Center 
ATTN:  SMCCR-RSP-A 
SMCCR-MU 
SMCCR-MSI 

Aberdeen  Proving  Ground,  MD  21010-5423 

Ballistic  Research  Laboratory 
ATTN:  SLCBR-IB-B,  C.  Leveritt 

J.  Knapton 
W.F.  Morrison 
AMXBR-OD-ST 

Aberdeen  Proving  Ground,  MD  21005-5066 


